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In this work, the water vapor oxidation of Al-bearing HJ-V compound 
semiconductors is used to fabricate light-emitting and electronic devices. High Al-
composition heterostructure crystals such as Al,Ga,.,As (x > 0.5) are converted into a 
stable native oxide at moderately elevated temperatures (> 400 °Q in a water vapor 
saturated ambient. Dependence of the oxidation process on Al composition makes possible 
the formation of embedded oxide layers in between semiconductor crystal using selective 
(lateral) oxidation. Data are presented showing how various growth parameters, crystal 
layering, and oxidation times and temperatures affect the lateral oxidation process. Etch 
studies of superlattice structures that are Zn-diffused and oxidized are also presented 
showing that the water vapor oxidation process behaves similarly to chemical wet etches. 
Native oxide-based AJGaAs-GaAs metal-oxide-semiconductor field-effect transistor 
devices are fabricated via lateral oxidation of a thin AlAs layer. Data are presented 
demonstrating depletion-mode transistor operation. This shows that the native oxide is of 
sufficient quality to allow modulation of an underlying GaAs channel. 
Impurity-induced layer disordering (HLD) and water vapor oxidation are also used 
to define a planar minidisk cavity in a superlattice (70 A AlAs + 30 A GaAs) crystal. Data 
are presented showing photopumped "whispering gallery mode" laser operation of 
- 37 \im minidisks lasers. Finally, the HLD and oxidation process is extended to the 
formation of a microdisk photonic lattice. Data are presented showing that the microdisks 
(~ 9 urn diameter) are sufficiently coupled to form "bands" in the photopumped 
recombination radiation spectra. 
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1. INTRODUCTION 
Following the discovery of the point contact transistor by Bardeen and Brattain,1 
one of the most significant further developments was the discovery by Frosch of a native 
oxide on Si, grown by water vapor oxidation.2 This native oxide, Si02, is a high quality, 
dense, stable insulator. The interface between the semiconductor and the insulator yields a 
low interface state density, making possible metal-oxide-semiconductor field-effect 
transistors (MOSFET). The Si native oxide and MOSFET are critical components that have 
made the entire Si integrated circuit (IC) technology possible. 
The lack of a native oxide of equivalent quality to Si02 has prevented a similar 
electronic revolution in compound semiconductor materials. As a result most compound 
semiconductor research is directed towards light-emitting applications that utilize the direct 
band gap in several IH-V and II-VI material systems (e.g., AlGaAs-GaAs-InGaAs, 
In(AlGa)P-GaAs, In(AlGa)As-InGaAsP-InP, In(AlGa)N-GaN, and ZnMgSeS-ZnCdSe-
ZnS). The capability of layering lattice-matched and closely matched (strained) materials 
allows the formation of structures such as quantum well heterostructure (QWH) lasers, 
superlattice (SL) structures, and light-emitting diodes. In some instances, Si fabrication 
techniques are modified for compound semiconductor materials; and in other cases, key 
processes take advantage of the various heterostructure material properties. One such 
example is impurity-induced layer disordering (IILD),3 which intermixes layers of a 
heterostructure crystal in selected areas (using patterned masks) whjle still maintaining 
wafer planarity (i.e., no mesas). This simultaneously changes the band gap, effective 
refractive index, and doping of the disordered regions. However, fabrication of compound 
semiconductor devices remains a challenge due to complex epitaxial crystal growth 
machinery and lengthy processing times. 
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As a result of investigating the destructive atmospheric hydrolyzation of Al-rich 
semiconductor material, Dallesasse and Holonyak discovered a water vapor oxidation 
process for Al-bearing ffl-V compound semiconductors.4 High-Al-composition material 
(e.g., AlxGa,.xAs, x > 0.5) is converted into an Al-based IU-V native oxide at moderate 
temperatures (> 400 °C).4 A "wet" ambient is created by flowing a carrier gas saturated 
with water vapor into a quartz-tube furnace at elevated temperatures (400 °C-550 °C). The 
water vapor converts high-Al-composition material into stable AJO(OH) and A1203 
compounds rather than mechanically poor Al(OH)3 and related hydroxyl groups.5 The Al-
based native oxide is electrically insulating6 and has a low refractive index (n ~ 1.6)/ 
Higher Al-composition material oxidizes more rapidly than lower Al-composition material. 
This AJ-composition selectivity allows the fabrication of more complex laser structures 
without sacrificing the simplicity of the oxidation process. 
Many light-emitting devices that utilize various properties of the native oxide have 
been demonstrated. Oxide-defined lasers (in planar and mesa forms) have been reported in 
the form of single-stripe,8"1-' index-guided,14"16 and coupled-stripe arrays'7"20 for various 
material systems such as AlGaAs-GaAs-InGaAs, In(AlGa)P-GaAs,'01619 and InAlAs-InP-
InGaAsP."12 The oxide has been used to block impurity-induced layer disordering 
(IILD)21,22 and to form curved geometry lasers2-1-24 and waveguides.25 The successful use 
of the oxide in these laser structures indicates that the oxide is stable and practical enough to 
employ in more complex structures. 
The selective oxidation process has been useful in embedding the oxide in between 
semiconductor layers.2627 This "lateral" oxidation technique is used to form lasers that are 
"sandwiched" above and below the active region by the Al-based oxide and are current-
apertured, oxide-defined cavity lasers28 (oxide "collared" in the longitudinal direction). 
Lateral oxidation is also gaining extensive use in vertical cavity surface-emitting lasers 
(VCSEL) in the formation of high-index-step high-contrast distributed Bragg reflecting 
(DBR) mirrors29'" and oxide-defined cavities (oxide-"collared" apertures).33-14 Oxide-
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semiconductor DBR mirrors have also been used in edge-emitting lasers to decrease the 
effective optical cavity length;35-36 the DBR mirrors decrease the mode density, increase the 
coupling efficiency of spontaneous emission into eventual Iasing modes, and as a result, 
decrease the laser threshold. Tighter-geometry curved resonators37 and waveguides38 have 
been achieved by forming a "deep oxide"39 (i.e., oxidation through the QW active region) 
using impurity-induced layer disordering (IILD) followed by water vapor oxidation. 
Lasers with current-blocking "window" lasers have been demonstrated with the low-
temperature oxidation process being used either pre-metallization40 or post-metallization.41 
Similarly, metallized Al-bearing light-emitting diodes have been oxidized to passivate 
exposed microcracks or defects (from device fabrication or handling), resulting in greater 
LED reliability.42 
During the course of device fabrication, various oxidation properties have been 
discovered and investigated, mostly relating to effects of various epitaxial growth 
parameters on oxidation rates. For example, the crystal design (layering) is found to affect 
the oxidation process. A summary of these various effects is given in the present work. 
The oxidation process is a chemical reaction that responds to conditions similar to chemical 
wet etches. Results of different etch studies are presented to gain better understanding of 
the oxidation process. 
Other than light-emitting devices, electronic devices that utilize insulators, such as 
metal-oxide semiconductor (MOS) devices, are possible areas of investigation. Although 
the oxide-semiconductor interface has not been optimized, the recently discovered Al-based 
native oxide is a candidate for use in an oxide-gated GaAs field-effect transistor (FET). An 
AlGaAs-GaAs metal-oxide semiconductor field-effect transistor is fabricated using lateral 
oxidation and data are shown demonstrating depletion-mode transistor operation.43 
As integrated optoelectronics become more sophisticated, the need for smaller lasers 
increases. For this reason, a cleaveless cavity geometry, low laser threshold, and high 
efficiency are desirable, as well as ease of fabrication and reliability. Photopumped 
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microdisk lasers formed on a "mesh" of supporting oxide material have recently been 
demonstrated.44 Slightly larger geometry minidisk lasers that are defined by impurity-
induced layer disordering and by native oxidation are shown in the present work to operate 
photopumped in disk "whispering gallery" modes.45 
Individual disk lasers, simple in geometry, can function as part of a larger multidisk 
structure. In such cases, several disk lasers provide more output power and, in coupled 
form, may provide additional useful characteristics. For a coupled array of disks where 
each disk is an active element of an extended lattice, photonic "band gaps" may arise in the 
recombination radiation spectrum. As a group, the coupled oscillators create propagation 
and "stop" bands in various "crystal" directions. In this work, laser operation is shown for 
an AlAs-GaAs superlattice (SL) that utilizes 9-u.m microdisks to form a two-dimensional 
hexagonal close-packed (HCP) photonic lattice.46 Fabrication of the coupled array of 
microdisk lasers employs the same OLD and oxidation techniques used in the earlier single 
minidisk lasers. 
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2. EXPERIMENTAL METHODS 
2.1 Crystal Growth 
The crystals used in this work are grown using low-pressure metalorganic chemical 
vapor deposition (LP-MOCVD).47 The MOCVD growth technique originates in early work 
done by Manasevit,48 followed by systematic improvements by Dupuis, including 
electronic valving and better "piping" (e.g., careful air-tight sealing of gas connections) of 
the precursor gases resulting in the first demonstration of AlxGa,.xAs-GaAs heterostructure 
lasers grown by MOCVD.49 For most of the crystals used in this thesis, epitaxial crystal 
growth is performed in a modified EMCORE GS-3000 DFM reactor. Growth precursors 
include trimethylgallium (TMGa), trimethylaluminum (TMA1), trimethylindium (TMIn), 
and arsine (AsH3, ~ 100%). Diluted in hydrogen carrier gas, the p-type dopant is carbon 
tetrachloride (CC14, - 200 ppm) and the n-type dopant is disilane (Si2H6, - 200 ppm). 
Growth conditions include reactor pressure of - 90 Torr, susceptor rotation of 
- 1200 rpm, V/IU ratios between 5 to 50, growth temperatures between 550 °C and 
760 °C, and growth rates between 200 and 1500 A/min. 
Substrates are cleaved into 3/8 inch, 3/4 inch or 1 inch squares, degreased in hot 
solvents, and lightly etched in hot HC1:H,0 (1:1) to remove surface oxides. The cleaned 
samples are thoroughly rinsed in deionized water, blown dry after a quick dip in 
isopropyl, and quickly loaded into the reactor's loadlock to minimize surface oxidation. 
Typical quantum well heterostrucure (QWH) laser crystals are grown on (100) 
[0-2° misoriented towards (110)] n-type GaAs substrates with a growth temperature of 
- 760 °C. Most GaAs layers are grown at - 1000 A/min. GaAs buffer layers are doped n-
type to concentrations of - mid-1018 cm"3 (silicon), while undoped GaAs quantum wells 
are grown at - 500 A/min. GaAs contact "caps" are heavily p-type doped at ~ high-
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1019 cm"3 (carbon) using a lower growth temperature of - 550 °C. AlxGa,.xAs layers are 
grown at a rate of - 1500 A/min (- 9 |im/h); the faster growth rate is used to prevent 
oxygen and impurity incorporation, since aluminum is extremely reactive with oxygen. 
AlxGa,.xAs layers are grown with n-type dopings of - mid-1017 cm"3 (silicon) and p-type 
dopings of- mid-1018 cm"3 (background-carbon). Strained - 85 A InyGa,.yAs (y ~ 0.2) 
quantum wells (QWs) are grown at - 700 A/min with peak spontaneous emission at 
X ~ 980 nm. The InyGa,.yAs QWs (single or multiple) are grown at - 760 °C with no 
pause time between the InyGa,.yAs layer and the following GaAs waveguide layer. Typical 
field-effect devices are grown using similar growth conditions. 
In cases where heavy dopings are needed (e.g., GaAs tunnel junction diodes and 
GaAs contacts), calibration of growth temperatures, V/IJJ ratio, and growth rates indicate 
that the maximum GaAs donor doping using Si,H6 is [n] < 9 x 1018 cm'3 and maximum 
GaAs acceptor doping using CC14 is [p] < 1 x 1020 cm"3. 
2.2 Water Vapor Oxidation 
Sample preparation for water vapor oxidation begins with a solvent degrease, a 
quick etch (10-20 sec) using NH4OH (ammonium hydroxide) to remove surface oxides, 
and a thorough rinse with deionized water (DI). Encapsulants such as Si3N4 or SiO, 
(- 1000 A thick) are deposited using chemical vapor deposition with SiH4, NH3, and 0 2 
sources. Standard photolithography and plasma etching (CF4 and O,) are used to pattern 
the encapsulant. Before oxidation, samples are etched to expose high-Al-composition 
layers. For most cases the GaAs cap has to be removed outside the masked regions. 
Effective wet etches include: sodium hypochlorite solution (5% bIeach):H20 (1:1) and 
C6Hg07 (citric acid):H202 (5:1) for selective removal of GaAs layers (these etches "stop" 
on AlGaAs layers), and H2S04:H202:H20 (in various ratios, e.g., 1:8:80) for etching both 
GaAs and AlGaAs layers. For lateral oxidation samples, mesa patterns are formed either 
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with photoresist only or with an encapsulant. Steep mesa sidewalls for mesa etching 
typically require a faster etch such as H2S04:H202:H20 (4:1:1). Cases in which a quick 
calibration of lateral oxidation is needed, the sample may simply be cleaved to expose a 
"fresh" facet. The sample is then loaded on a quartz platform and pushed into the open-
tube oxidation furnace. Water vapor is transported into the quartz tube by flowing N, 
carrier gas (~ 1.4 scfh) through a heated water bubbler (~ 85 °C). Oxidation 
temperatures are usually > 400 °C and oxidation times vary from a few minutes to more 
than ten hours. 
2.3 Superlattice Disk Fabrication for Oxidation and Etch Studies 
After - 37 p.m diameter Si3N4 dots are patterned on ~ 76 (im centers, the crystal, 
a superlattice (SL), is Zn-diffused at 600 °C for 60 min. The Si3N4 is removed and the 
substrate side of the crystal is lapped and polished. The remainder of the GaAs substrate is 
removed by a selective wet etch. A portion of the sample is placed in an oxidation furnace 
(H20 vapor with N, carrier gas) at 400 °C for 15 h. For comparison, another portion of 
the sample is oxidized at 400 °C for 18 h. For etching studies, small samples are mounted 
on glass slides with black wax, and the disks are delineated with HF and NaOH chemical 
etches. 
2.4 Native-Oxide-Gated GaAs-Based Field-Effect Transistor Fabrication 
Fabrication of the native-oxide-gated GaAs-based FET begins with a mesa isolation 
etch using H2S04:H202:H20 (1:8:80). The mesa size is 150 urn x 80 pm. Next Si3N4 
stripes are defined only along the 150 Jim long edges of the mesa. The Si3N4 stripes are 
20 (im wide, but only - 5 p.m is actually on the layered mesa with the remaining width of 
the Si3N4 stripes extending onto the semi-insulating GaAs substrate. 
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Next a 10 Jim wide photoresist stripe is defined in the center of the mesa, 
perpendicular to (across) the Si3N4 stripes. The photoresist masks a second 
H2S04:H202:H20 (1:8:80) etch. This time the etch (a shallower etch) is used only to 
expose the sidewalls (edges) of the AlAs layer. The 10 ^ m stripe mask extends from the 
mesa onto the exposed semi-insulating substrate. The photoresist is removed and the 
sample is immediately placed into a water vapor oxidation furnace and oxidized at 400 °C 
for 3 h and 20 min. Note that the GaAs cap remains intact during the oxidation process. 
The conversion of AlAs to native oxide progresses towards the center of the 10 Jim stripe. 
After wet oxidation, the GaAs cap is removed with H2S04:H,0,:H,0 (1:8:80). The etch 
stops on the native oxide. 
Then, evaporated Ge/Au/Ni/Au is deposited on the crystal and defined in a lift-off 
process. The Ge/Au/Ni/Au metals are alloyed to form the source and drain contacts. 
Finally, evaporated Pt/Au is deposited and defined in a lift-off process for the gate contact. 
The Pt/Au metal is a 4 urn wide stripe that is roughly centered (not self-aligned) on the 
10 Jim wide native oxide. 
2.5 Superlattice Minidisk Laser Fabrication 
Minidisk samples are fabricated in the same manner as described in Section 2.3 to 
form thin platelets with - 37 u.m minidisk geometries. The IDLD-patterned platelets are 
oxidized at 400 °C for 15 h. For photopumping purposes, as-disordered and disordered + 
oxidized samples are compressed into an In-coated copper heat sink under a sapphire 
window. Comparison stripe geometry lasers are fabricated by first patterning 10-u.m wide 
Si3N4 stripes on the surface of the crystal. After Zn-ULD (600 °C, 60 min), the Si3N4 
mask and the substrate are removed. The crystal is then cleaved (normal to the stripes), 
oxidized (400 °C, 15 h), and compressed into an In-coated copper heat sink under a 
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sapphire window. Note that the stripe lasers are cleaved before oxidation because later, 
after oxidation, the samples break but do not cleave. 
2.6 Superlattice Photonic Lattice Laser Fabrication 
We begin device fabrication of the same superlattice crystal used in Section 2.3 by 
patterning, in Si3N4, 10 pirn disks separated by 1 urn in a hexagonal close-packed (HCP) 
lattice arrangement. The crystal is then placed in a quartz ampoule with ZnAs, (0.6 mg) 
and excess As4 (1.2 mg) and annealed at 600 °C for 60 minutes. To prepare the sample for 
Si3N4 removal, the sample is first etched lightly with HC1:H,0 (1:1) for - 15 s and O, 
plasma for ~ 5 min. The Si3N4 is removed with CF4 plasma and the substrate side of the 
crystal is lapped and polished to a thickness of - 35 |im. The remainder of the substrate is 
etched away by a selective wet etch. The resulting platelet is then placed in an oxidation 
furnace (H20 vapor with N2 carrier gas) at 400 °C for 15 h. Portions of the oxidized 
platelet are then placed onto an In-coated Cu heat sink and compressed under a sapphire 
window for photopumping. 
2.7 Material Characterization 
Scanning electron microscopy (SEM) is used to obtain cross-sectional images of 
crystals after either epitaxial crystal growth or device fabrication. Cross-sectional images 
are used for growth rate calibration and determination of diffusion depths and oxidation 
profiles. Wet etches are used to delineate AlAs-GaAs boundaries (growth rate samples) 
with Cr03:HF:H20 (5 g, 1 *ml, 30 ml), doping differences with KFeCN:K0H:H202 
(1 g:l6 g:200 ml), and oxide profiles with HC1:H202:H20 (1:4:40). Figure 2.1 shows a 
typical SEM micrograph of a mesa stripe that has been oxidized, cleaved, and stained using 
HC1:H202:H,0 (1:4:40). The crystal consists of five - 1000 A AlAs layers ("A" - "E," 
various growth conditions) that have been oxidized from the mesa edges. The oxide is 
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Fig. 2.1 Scanning electron microscope micrograph of a typical mesa stripe that has been 
oxidized, cleaved and stain etched for measurement of lateral oxidation distance. 
The thin AlAs layers (- 1000 A in this crystal) are separated by GaAs layers to 
allow delineation of the oxidized material. The layers vary in doping: "A" and 
"F" are not intentionally doped ([p] ~ mid-1018 cm"3), "B" is Si-doped 
([n] - low-1016 cm"3), and "D" and "E" are C-doped ([p] ~ 2 x 1018 cm'3 and 
[p] - 5 x 1018 cm'3, respectively). The two ("A" and "F") heavy carbon-doped 
AlAs layers oxidize significantly slower than the other layers. 
Lateral Oxidation of ~ 1000 A Layers (400 °C, 20 min) 
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unaffected by the stain etch, but the AlAs layers are fast etched (GaAs layers are only 
slightly etched), allowing measurement of the oxidation distance of layer "A" from the 
mesa edge to the vertical down arrow. Small surface features are also imaged using SEM. 
Nomarski optical microscopy is used to examine surface smoothness and to determine the 
extent of lateral undercutting due to etching, diffusion, or oxidation. 
Double crystal X-ray diffractometry (DCXD) is used to determine Al composition 
in AlxGa,.xAs materials. The DCXD apparatus consists of a Phillips XRG-3100 X-ray 
generator and a Bede Scientific Model 200 diffractometer. Room temperature Van der 
Pauw and Hall measurements are used to characterize doping and mobility in MOCVD-
grown epitaxial crystal layers. 
Room temperature photoluminescence (PL) of QWH crystals is used to determine 
peak spontaneous emission of the GaAs and InyGalyAs quantum wells (QW). The 
pumping source is a Spectra Physics 2080 Ar* ion laser (X = 5145 A) used with a Spectra 
Physics 344 cavity dumper. The light is filtered to remove the pump beam and focused 
into a Spex 1042 monochromator for spectral measurements using a GaAs or SI 
photomultiplier tube. 
Photopumped samples utilize the same laser components as described above, except 
the substrates are removed so that only the epitaxial layers remain, and the resulting 
platelets are mounted into one of two heat-sinking configurations. Substrate removal 
begins by lapping and polishing the sample to < 40 |im thickness. The sample is mounted 
with the epitaxial crystal growth side downward in black wax, etched in a 
H2S04:H202:H20 (4:1:1) fast etch, and finally etched by a H202:NH4OH 
(100 ml:~4-6 drops, pH - 7.6) selective etch. The samples, in platelet form, are then 
compressed under a diamond window into a gold-coated copper heat sink for room 
temperature photopumping or compressed under a sapphire window into an indium-coated 
copper heat sink for photopumping at 77 K. At 300 K, indium does not have high thermal 
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conductivity, but is more convenient to assemble and is used in laser device characterization 
as presented in this work. 
A Tektronix curve tracer is used to measure current-voltage (I-V) characteristics of 
laser diodes and to determine transistor operation of native oxide-gated FETs. Oxide-gate 
breakdown and transconductance measurements are determined using an HP 4155A 
parameter analyzer. 
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3. RESULTS 
3.1 Properties of Native Oxide AIxGa,.xAs 
3.1.1 Background 
High-Al-composition AlxGa,.xAs degrades at room temperature due to the 
destructive hydrolyzation reactions with the water vapor in the atmosphere.5 Crystals with 
AlAs surfaces have been observed to turn brown in color within minutes of atmospheric 
exposure and begin peeling and flaking over the period of a few days. Thick AlAs layers 
(> 0.1 (im), even with GaAs caps, are susceptible to hydrolyzation through defects and 
sample edges. Figure 3.1 shows a micrograph (taken in January, 1996) of two samples 
that have hydro I y zed despite a thick GaAs cap. In (a), the sample (grown in February, 
1994) has - 1 |im AlAs underneath an ~ 0.2 u.m GaAs cap. Large portions of the surface 
have degraded due to hydrolyzation of the underlying AlAs through surface defects and 
crystal edges. Thin strips of film are visible in the micrograph and easily flake off, 
indicating the mechanical instability of the hydrolyzed Al material. In (b), the sample 
(grown in May, 1993) has a thick (- 0.5 urn) AlAs layer underneath an - 0.5 Jim GaAs 
cap. Only the sample edges have undergone hydrolyzation since the GaAs cap is thick 
enough to protect most of the surface from shallow defects. Hydrolyzation of samples (a) 
and (b) has degraded - 300 u.m and - 150 |im of the respective sample edges. As a result 
of investigating hydrolyzation of Al-rich semiconductor material, Dallesasse et al. have 
discovered a simple water vapor oxidation process for Al-bearing IJJ-V compound 
semiconductors.4 In an attempt to accelerate the atmospheric hydrolyzation process, 
Dallesasse et al. placed a sample with high Al-composition into a "wet" ambient at elevated 
temperature (~ 400 °C). Upon examination of the "hydrolyzed" sample, Dallesasse et al. 
realized that they had discovered a stable, passivating oxide instead of a "soft," 
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Fig. 3.1 Photomicrograph showing atmospheric hydrolyzation of samples that contain 
thick layers of AlAs capped with GaAs. The sample in (a) has an - 1 p.m AlAs 
layer capped with - 0.2 pm GaAs and is shown 2 years after epitaxial growth. 
The sample in (b) has as its top two layers - 0.5 |im AlAs capped with 
- 0.5 |im GaAs and is shown 2.5 years after epitaxial growth. Hydrolyzation 
reaches the AlAs layers through surface defects in (a) and from the crystal edges 
in (a) and (b) forming thin, flaky strips of hydrolyzed material around the 
exposed regions. The thicker GaAs cap in (b) has somewhat protected the 
underlying AlAs layer. 
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mechanically unstable oxide. Figure 3.2 shows a micrograph of a sample after a 3 h "wet" 
oxidation at 400 °C. The sample is an - 1 urn thick superlattice with 150 A AlAs barriers 
and ~ 45 A GaAs QWs that has been Zn-diffused outside the - 37 urn dots. The Zn-
diffusion has intermixed the superlattice (SL) outside the dots into a random alloy 
AlxGa,.xAs (x - 0.8) via impurity-induced layer disordering while the dot regions retain 
the superlattice structure. The sample is in platelet form, since the substrate has been 
removed. After oxidation, the surface of the crystal is shiny, indicating that the surface 
layers have been converted into oxide. The SL dots that are partially exposed due to a 
cleaved edge have undergone lateral oxidation as well. From the crystal edge, - 24 um of 
the SL has become completely transparent (down to the two small horizontal arrows, Fig. 
3.2). A finer scale superlattice structure with 70 A AlAs barriers and 30 A GaAs QWs 
(AlxGa,.xAs, x - 0.7 after Zn-IILD) is also oxidized at 400 °C for 4 h (Ref. 4), resulting 
in - 3 am oxidation from the crystal edge. It is clear from this early oxidation 
demonstration that finer scale AlAs layers oxidize slower than coarser scale AlAs layers. 
Figure 3.3 shows a photograph (taken in 1993) of three crystals that have exposed 
high-Al-composition AIxGa,.xAs (x > 0.6) surfaces after MOCVD growth. In (a), the 
QWH crystal (grown in 1977) has an Al^Ga^As surface layer and remains specular in 
appearance. In (b), the QWH crystal (grown in 1978) has a very high Al composition (x » 
0.6) due to a TMA1 flow controller failure during MOCVD growth. Although sample (b) is 
grown one year later than the crystal in (a), sample (b) has hydrolyzed and its rough, 
nonuniform texture can be seen in the black and white image. In (c), portions of a 2-inch 
diameter wafer with an - 1 urn layer of AI^Ga^As (grown in 1991) are showji. The 
entire wafer is placed in an oxidation furnace (1991), converting the top ~ 0.1 urn of the 
crystal into a uniform blue-colored oxide. The oxidized sample in (c) is still the same 
uniform blue color as of January 1996. 
Water vapor oxidation is dependent on Al composition. Higher Al-composition 
material oxidizes more rapidly than lower Al-composition material. This property has been 
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Fig. 3.2 Photomicrograph of a thin superlattice platelet after Zn-disordering (575 °C, 
1/2 h) and water vapor oxidation (400 °C, 3 h). Disordering has intermixed the 
"red"-gap superlattice (150 A AlAs, 45 A GaAs) layers outside of the - 37 urn 
diameter disks into a "yellow"-gap random alloy AlxGa,.xAs (x - 0.8). After 
oxidation, - 24 urn of the exposed edge disks are converted into a completely 
transparent material (down to the two small horizontal arrows). The lower row 
of disks, surrounded by an AlxGa,.xAs (x - 0.8) alloy, is somewhat oxidized at 
the surface and about its periphery, but the red appearance of the disks indicates 
that most of the superlattice remains intact. The random alloy oxidizes much 
more slowly than the laterally oxidized AlAs layers of the edge disks, as shown 
by its yellow appearance even at the crystal edges. (After Dallesasse et al., 
Ref. 4) 
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Fig. 3.3 Photograph (1993) of three different samples of AlGaAs with high-Al-
composition surface material. The QWH crystal in (a) has as its top surface 
AlxGa,.xAs (x -0 .6 ) , and its surface has remained smooth and specular in 
appearance since 1977. The QWH crystal in (b) is more Al-rich than the crystal 
in (a) due to a failed flow controller during growth (1978). The surface of (b) 
is rough and non-uniform due to hydrolyzation. The crystal in (c) is an - 1 urn 
AlxGa,.xAs (x ~ 0.6) layer, that has been "wet" oxidized (1991) forming a 
uniform, blue-colored oxide across its entire 2 inch wafer (only two portions of 
the wafer are shown). (Photograph provided by N. Holonyak, Jr.) 
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exploited to form embedded oxide material in between existing semiconductor layers to 
form unique laser diode devices.26-27 After epitaxial crystal growth of a laser structure, a 
mesa may be etched, thus leaving exposed sidewalls. The exposed high Al composition 
layers oxidize laterally when the sample is placed in a water vapor oxidation furnace. The 
exposed low-AJ-composition layers also oxidize, but at a significantly lower rate.27 
Oxidation progresses from the mesa sidewalls laterally through the crystal structure. 
Calibration of time and temperature of the process allows selective oxidation of higher-Al-
composition material while leaving lower-Al-composition layers more or less intact. 
Incorporation of graded AlGaAs layers provides oxidation "stop" layers. The graded 
AlGaAs material ("buffer layers") slows down and effectively "stops" the oxidation in the 
lower A!-composition layer and protects underlying GaAs layers from oxidation. 
Oxidation of AlAs layers that are in direct contact with GaAs layers typically forms 
mechanically unstable structures. In particular, oxide layers embedded under thick material 
(either semiconductor or oxide layers) will delaminate upon additional temperature cycling 
after oxidation (e.g., - 400 °C). AIxGa,.xAs buffer layers as thin as - 50 A with Al mole 
fraction as low as - 50% help provide structural stability. 
3.1.2 Superlattice disk oxidation 
The crystal used for the etch studies consists of a 100-period superlattice with 70 A 
AlAs barriers and 30 A GaAs QWs. The crystal is processed as described in Section 2.3. 
The Zn-diffusion intermixes the AlAs-GaAs SL material outside the masked regions via 
impurity-induced layer disordering (IILD), while leaving the masked regions intact.3 The 
disordered region is converted to a random alloy AIxGa,.xAs (x - 0.7) that has a lower 
effective index of refraction than the ordered SL active region.50-51 Removal of the GaAs 
substrate leaves only the - 1 urn thick IILD-defined crystal ("yellow") surrounding the SL 
disks ("red"). Figure 3.4 shows a micrograph of (a) the left and (b) right portions of a 
sample after oxidation at 400 °C for 18 h. The samples are photographed after they are 
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Fig. 3.4 Photomicrograph of an AlAs-GaAs superlattice (SL) sample that has been 
disorder-defined (Zn, 600 °C, 1 h) to form - 37 urn disks and then oxidized 
(400 °C, 18 h). Panels (a) and (b) show the left and right portions of the same 
sample. The region outside the - 37 urn SL disks has been disordered and 
converted to oxide. At the facets (and defects) where the layers of the SL disks 
are exposed (arrows), the oxidation rapidly proceeds laterally, e.g., from a 
cleaved edge. The lateral oxidation rate is "faster" for the SL disks that have a 
slanted (111) edge exposed [arrows in (a)] compared to disks that have a 
vertical (110) edge exposed during oxidation [arrows in (b)]. (After Chen et 
al., Ref. 45) 
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placed on an In-coated Cu heat sink, but before the sapphire window "sandwiches" the 
samples. The SL material is intact inside the disks, which is consistent with their red color; 
however, the disordered region outside the disks is converted to AlGaAs oxide during the 
oxidation process, which proceeds from both surfaces (top and bottom) of the platelet and 
makes the platelet nearly transparent (oxidation depth from each surface < 0.5 u\m). On 
the edges of the sample, where cleaves or damage have exposed the layers of the SL to the 
oxidation ambient (diagonal arrows), the oxidation proceeds rapidly laterally along the 
- 70 A AlAs layers. In the laterally oxidized regions at a disk, the material becomes 
totally transparent because the AlAs oxidation "carries" the oxidation process to all of the 
GaAs layers (simultaneously). Because of their thinness (~ 30 A) and the long oxidation 
time (18 h), the GaAs oxidizes. That is, the AlAs layers "carry" the oxidation to the GaAs. 
At one of the disks, a small "notch" [top arrow, Fig. 3.4(a)] is sufficient to expose 
the AlAs layers in the SL to rapid lateral oxidation, which spreads in the disk. This is a 
good example showing how the oxidation process is capable of "finding" the exposed Al-
bearing crystal, no matter how small the opening to the SL layers. This example illustrates 
how small defects (an access "hole") are potential sources of reliability problems if Al-
bearing materials are not properly passivated.42 Figure 3.4 shows also that the oxidation 
process is sensitive to the SL edge crystal orientation. The (111) cleaved edge of 
Fig. 3.4(a), which is inclined and offers a larger reaction surface than the (110) cleaved 
edge of Fig. 3.4(b), leads to more rapid SL lateral oxidation. Also, in Fig. 3.4(b) the sides 
(periphery) of the exposed disks appear to oxidize laterally more rapidly than in the middle 
of the disk, resulting in a "bowed".oxidation front. The "bowing" is not as noticeable in 
the (11 l)-exposed disk of Fig. 3.4(a) (bottom arrow). This behavior is partly the effect of 
the circular geometry and oxidation from a larger versus a smaller access edge. 
It is worth pointing out that the edge-wise oxidation of a disk is a reaction + 
diffusion process that is strongly dependent on layer composition (Al mole fraction) and 
size (layer thickness). For example, a coarser scale SL than the one described here 
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oxidizes much more rapidly as mentioned in Section 3.1.1. Nevertheless, for the SL 
parameters and oxidation conditions employed here, we can estimate, assuming only 
diffusion [and L - (Dt)"2], that edge-wise oxidation for the disks is ~ 10 fim / ~ 0.2 |im = 
50 or more times "faster" than the downward oxidation through the same average 
composition of Zn-diffused and disordered AlxGa,.xAs (x - 0.7). If we try to describe the 
oxidation process by a diffusion constant, we get D - 10" cm2/s for the edge-wise 
oxidation compared to D - 10"14 cm2/s for the downward oxidation through the disordered 
material. Downward oxidation through the intact SL (the disks) is even "slower." 
3.1.3 Oxidation boundary ("collar") 
Since the initial discovery of the wet oxidation of Al-bearing HJ-V compound 
semiconductors, it has been known that a thin "collar" forms around the perimeter of an 
SL pattern that is defined first by IILD, then wet oxidation (cf., Fig. 3.2 and Figs. 2 and 3 
of Ref. 4). Note that a narrow "collar" appears around each SL disk of Figs. 3.4(a) and 
(b). It is uniform in annular width and oxidizes (1-2 u\m) regardless of whether a disk has 
a cleaved edge. In Ref. 4, this "collar" appears at shorter oxidation times (400 °C, 4 h) 
and also in coarser scale SL material (150 A AlAs, 45 A GaAs; 400 °C, 1 h). To 
investigate the nature of the "collar," we perform a series of etch studies on disordered SLs 
and on disordered and oxidized SLs. 
Figure 3.5 shows a disordered (Zn, 600 °C, 60 min) sample (a) before and (b) after 
staining in an HF etch. Before etching, the disk pattern is uniform; however, after it is 
etched in HF for several seconds, a "collar" with a 1-2 \xm annulus forms around the disk. 
The Zn-diffused region outside the disk has been disordered and converted to p-type crystal 
and is much higher in energy gap ("yellow") than the effective energy gap of the SL 
("red"). In ambient light the edge of the disk operates like a p-n junction, and light-
generated electrons charge the disk negatively and collected holes charge the surrounding 
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Fig. 3.5 Photomicrograph of a Zn-disordered (600 °C, 1 h) sample (a) before and (b) 
after HF etching for several seconds. Before etching, (a), the disk boundary 
appears sharply defined. However, the effective p-n junction present at the 
interface between the Zn-disordered material and the SL helps drive (room light) 
chemical reactions during etching or oxidation (as in Fig. 3.4). This causes a 
thin 1-2 jim annulus "collar" to appear on the etched sample (b), and on the 
oxidized samples of Fig. 3.4. (After Chen et al., Ref. 45) 
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disordered region positively, which promotes etching-particularly of the p-type disordered 
crystal. Eventually the disordered region is etched completely away, leaving behind only 
the SL disks (not shown). Thus this "collar," which appears during the etching process 
[Fig. 3.5(b), arrows], is inevitable because of the gradient in the doping (and energy gap) 
at the disk edge and the range over which electrons and holes are collected at the disk edge. 
Figure 3.6 shows (a) an as-oxidized sample (400 °C, 15 h), (b) the sample after 
etching in HF for several seconds, and (c,d) after longer etching times. In contrast to 
Fig. 3.5 (sample compressed into In), when the sample is mounted on a glass slide in 
black wax, the "collar" is initially difficult to see until the sample is further etched 
[Fig. 3.6(c)]. The "collar" has the same 1-2 |im annular width as samples that are only 
Zn-disordered (Fig. 3.5). In Fig. 3.6(d) the oxidized region has been completely etched 
away, leaving behind only the disks supported by black wax ("bw"). The HF etch is an 
effective chemical for fast etching of Al-based oxides and removes the oxidized materia] of 
Fig. 3.6 much more quickly than the non-oxidized material (disordered) of Fig. 3.5. 
The "collar" (Fig. 3.4) that appears during oxidation, even for short oxidation 
times, is formed by the same basic process operative in HF etching (or NaOH + H,0, data 
not shown) in room light. At the elevated temperature (400 °C) of the oxidation furnace, 
enough blackbody radiation is present at hm > 1.51 eV - Eg (SL, 400 °C) to generate a 
small current during the wet oxidation.52 For example, for an - 37 (im disk with an 
- 2 pirn annulus active region, an estimated photogenerated current of - 3 x 10'8 |iA helps 
drive the p-type Zn-disordered region positive, which aids the oxidation (or etching) 
process in the "collar" region. 
During oxidation, a thin annular "collar" (1-2 pirn) forms around the - 37 |im HLD-
defined SL minidisk. It has been demonstrated, using a series of etch studies, that this 
"collar" is a result of the energy gap and doping change at the disk edge. The Zn-diffusion 
not only disorders the SL material, but also dopes the semiconductor material heavily p-
type. The p-type doping forms a p-n junction between the SL and the disordered crystal. 
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Fig. 3.6 Photomicrograph of a disk-patterned AlAs-GaAs SL sample that has been Zn-
diffused (600 °C, 1 h) and oxidized (400 °C, 15 h) (a) before etching, (b) after 
HF wet etching for several seconds, and (c,d) after additional etching. HF 
etches the Al-based oxide much faster than the non-oxidized SL, delineating the 
boundary and the 1-2 u.m "collar." Finally the oxide is completely removed, 
exposing the black wax beneath [(d) "bw"]. (After Chen et al., Ref. 45) 
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Simple HF (or NaOH) etch experiments verify that the p-n junction acts as a small 
photocell that helps drive chemical reactions at the boundary, resulting in similar "collars" 
during chemical etching or water vapor oxidation. 
3.1.4 Lateral oxidation studies 
As seen in the oxidation of superlattice crystals with cleaved edges, the thickness of 
a layer that is to be oxidized affects the oxidation rate. As explained in Section 3.1.1, it has 
been known since the original oxidation paper4 that thin AlGaAs layers oxidize slower than 
thicker AlGaAs layers. For this reason, fine-scale superlattice material withstands 
atmospheric hydrolyzation despite exposed, unpassivated AlAs layers. In particular, this 
thickness-related effect seems to occur for AlGaAs layers < 0.5 |im. To investigate 
further, a crystal with varying AlAs thicknesses is employed. The AlAs layers are each 
surrounded by - 5 0 A AIogGa02As oxidation buffer layers and each set of 
A ,osG ao2A s / A , A s / A ,o8G ao2A s i s separated by - 2000 A of Al06Ga04As. The various 
AlAs layer thicknesses are - 4000 A, - 1200 A, - 700 A, ~ 350 A, and ~ 140 A. The 
V/m ratio during growth of the AlAs layers is - 12.5. Stripe mesas are formed and the 
sample is oxidized at 425 °C for 30 min. The resulting lateral oxidation distance for each 
layer is plotted in Fig. 3.7. The - 4000 A layer oxidizes the fastest while the ~ 140 A 
layer oxidizes the slowest. The plot also shows that there is a larger difference in oxidation 
distance for thin AlAs layers < 2000 A than for thick AlAs layers (> 2000 A). 
In the course of the lateral oxidation studies, it is observed that the V/IU ratio during 
epitaxial crystal growth affects the oxidation rate. At higher V/UJ ratios (As-rich 
conditions), AlAs layers oxidize slower than AlAs layers grown at lower V/UJ ratios. 
Again, the oxidation rate variation is investigated. A crystal is grown with equal AlAs 
thicknesses at various V/III ratios from - 2.5 to - 50. For most QWH laser structures that 
are grown in the LP-MOCVD reactor, V/IU ratios between 5 and 50 are used. Growth 
rates are carefully calibrated at the different V/IU ratios, since AlAs (and GaAs) growth 
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Fig. 3.7 Plot of lateral oxidation distance versus AlAs thickness of a sample that is 
oxidized at 425 °C for 30 m. The oxidation rate for an AlAs layer < 2000 A is 
more a function of its thickness than for layers > 2000 A. Each AlAs layer is 
surrounded on either side by - 50 A Al^Ga^2As and is separated by - 2000 A 
GaAs. The V/UI ratio during growth of the AlAs layers is - 12.5. 
34 
Lateral Oxidation Distance 
vs. AlAs Thickness 
(425 °C, 30 min) 
80 -i-
70 -
60 -
50 -
40 --
30 -
20 --
10 - « Lateral Oxidation Distance (um) 
0 
0 1000 2000 3000 4000 5000 
AlAs Thickness, A 
35 
rates decrease with increasing V/m ratio for the growth conditions used. The AlAs layers 
are - 500 A thick and are surrounded by graded buffer layers (~ 50 A Al06Ga04As and 
- 50 A Al03Gao7As). Each AlAs-AlGaAs "stack" is separated by ~ 1000 A of GaAs. A 
conduction-band energy (Ec) diagram of the crystal structure is shown in Fig. 3.8. The 
first four AlAs layers are grown undoped at V/m ratios of - 12.5, - 50, - 5, and -2.5, 
respectively, and the - 12.5 V/TH-ratio layer is repeated again at the top of the structure 
(far-right AlAs layer in Fig. 3.8). The fifth AlAs layer (undoped) has the Al^Ga^4As 
buffer layers replaced by Al^Ga^As layers, and the sixth layer is doped n-type with Si at 
a V/TII ratio of - 50. 
Stripe mesas are formed and the sample is oxidized at three different temperatures 
(400, 425, and 450 °C) for four different times (30, 60, 90, and 180 min). The resulting 
lateral oxidation distance from an exposed mesa edge varies depending on time, 
temperature, and V/m ratio. In Fig. 3.9, the lateral oxidation distance is plotted versus 
oxidation time. All points are for 400 °C oxidation, and the four curves represent the four 
different V/m ratios. Since there are two AlAs layers for a V/m ratio of 12.5, an average 
of the two distances is used for this V/m ratio. Lateral oxidation of the - 500 A layers 
varies linearly with respect to oxidation time for all four V/m ratios. 
Figure 3.10 shows a plot of the lateral oxidation distance versus inverse 
temperature (1/T) for 30 min oxidations. The data indicate that there is a linear dependence 
on 1/T, at least in the temperature range used (AT - 50 °C). Oxidation of the AlAs layers 
with growth V/III ratios of 5, 12.5, 2.5, and 50 have activation energies of 0.87, 1.3, 1.7, 
and 2.2 eV, respectively, and correspond to the different oxidation rates (distances). As 
has just been shown, the lateral oxidation rate (distance) varies proportionally with respect 
to oxidation time and 1/T, indicating that the oxidation process is mostly reaction-rate 
limited. 
Finally in Fig. 3.11, the results of a 30 min oxidation are plotted showing lateral 
oxidation distance versus V/III ratio during growth of each AlAs layer. The oxidation rate 
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Fig. 3.8 Conduction band diagram of a crystal used for lateral oxidation studies. The 
sample is grown to study variations due to V/m ratio during growth and for 
calibration of how oxidation varies with time and temperature. 
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Fig. 3.9 Plots of lateral oxidation distance versus oxidation time for the sample of 
Fig. 3.8. The V/III ratio during growth of the AlAs layers affects the oxidation 
rate, but the oxidation rate retains its linear character for all four V/m ratios. 
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Fig. 3.10 Plots of lateral oxidation distance versus inverse oxidation temperature (1/T) for 
the sample of Fig. 3.8 (30 min oxidation). For the temperature range shown, 
the oxidation distance remains linear for all four V/m ratios. 
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Fig. 3.11 Plots of lateral oxidation distance versus V/m ratio during growth of the AlAs 
layers for the sample of Fig. 3.8 (30 min oxidation). The same trend appears 
for all three oxidation temperatures. Oxidation rate increases for lower V/m 
ratios, but eventually drops when a minimum critical V/III ratio is reached. 
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is slower for AlAs layers grown at high V/m ratios than for layers grown at low V/m 
ratios. However, at very low V/m ratios (- 2.5), the oxidation rate slows down, perhaps 
due to the As-poor growth conditions. High V/m ratios (> 5) tend to decrease oxygen 
incorporation into high-Al-composition layers, indicating that formation of poor quality 
AlGaAs layers during crystal growth at very low V/m ratios (S 2.5) may retard the wet 
oxidation process. However, at very high V/m ratios (> 12.5), some other mechanism 
may be causing the slower oxidation rates. 
To examine this mechanism, another crystal is grown. The crystal consists of five 
- 1000 A AlAs layers, all grown using the same V/m ratio but with different dopings. 
Each AlAs layer is surrounded by - 100 A Al^Ga^As and is separated by - 5000 A 
GaAs. An SEM micrograph is shown in Fig. 2.1 for lateral oxidation of the AlAs layers 
resulting from water vapor oxidation at 400 °C for 20 min. Layers "A" and "F" are 
undoped (background carbon-doped, [p] - mid-1018 cm'3), layer "B" is Si-doped 
([n] - Iow-1016 cm'3), and layers "C" and "D" are carbon doped ([p] - 2 x 1018 cm'3 and 
[p] ~ 5 x 1018 cm'3). Layers "A", "B", "C", "D" and "E" oxidize laterally 3.7, 3.4, 1.2, 
1.6, and 6.2 \im, respectively. Although there is a discrepancy between the two undoped 
AlAs layers ("A" and "E"), two trends can be seen. First, the n-type AlAs layer ("B") 
oxidizes slower than the two undoped (but p-type) layers. This is consistent with previous 
reports of p versus n differences in oxidation rates of AlGaAs crystals, where surface 
oxidation of n-type AlGaAs layers is slower than for p-type layers.53 Second, the two 
heavy carbon-doped layers are significantly slower. Layer "C," the highest in carbon 
concentration, oxidizes only - 32% of the lateral distance of layer "A," the "slower" 
undoped AlAs layer. Hofleret al. demonstrated that at high carbon doping concentrations 
([p] - 10" cm'3), a significant amount of carbon is incorporated into interstitial sites.54 It 
may be that interstitial sites are used in the mechanisms that drive the oxidation process. 
Interstitial carbon may be "blocking" the oxidation process, resulting in slower oxidation 
rates. Also, as seen earlier, the AlAs layers grown at high V/III ratios also have slowed 
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oxidation rates. The additional nonstoichiometric As may also be incorporating into 
interstitial sites,55 providing similar "blocking" as the interstitial carbon atoms. 
It has been noted that in some crystal structures, certain lateral oxidation layers 
seem to "drag" behind some of the other layers of equal Al composition and thickness 
during oxidation. To characterize this oxidation "anomaly," a crystal is grown as shown in 
Fig. 3.12. In this crystal, the layers of interest are the - 500 A AlAs layers that are 
sandwiched (without AlGaAs stop layers) by thin layers of GaAs and further surrounded 
by thick layers of AlAs. All AlAs layers are grown at the same growth rates and V/m 
ratios. The thicker layers of AlAs, ~ 2000 A, oxidize much faster, as demonstrated in the 
previous oxidation studies. By varying the GaAs separation layers between the - 500 A 
and - 2000 A AlAs layers, we study the effects of the lateral oxidation of adjacent AlAs 
layers. In the layer labeled "A" in Fig. 3.9, - 100 A of GaAs separates the - 2000 A and 
the ~ 500 A AlAs layers. In "B," "C," and "D," the GaAs separation layers are ~ 2000, 
~ 200, and - 500 A thick, respectively. In "E," the thick layers are Al08Ga02As and in 
"F," the - 500 A AlAs layer is - 500 A away from the crystal surface. 
A summary of the lateral oxidation distances is given in Table 3.1 for a 400 °C, 
20 min oxidation. It is clear that there is a variation in oxidation distance dependent on 
what is immediately adjacent to the layer of interest. In fact, the lateral oxidation distance is 
enhanced for the AlAs layers that are surrounded by thinner GaAs separation layers. The 
- 2000 A AlAs layers oxidize fastest, in agreement with previous observations (e.g., Fig. 
3.4), with most layers oxidizing 14-15 (im. It is interesting to note that the - 2000 A AlAs 
layer between layers "C" and "D" oxidizes significantly faster, converting - 24 Jim of the 
AlAs. This indicates that the oxidation of the adjacent AlAs layers are "coupled." The 
faster oxidation layers aid the slower layers, and the slower layers aid the faster layers as 
well. The adjacent AlAs layers seem to form an "effective" AlAs thickness that utilizes the 
surrounding layers to determine the actual oxidation rate. In layer "E," the adjacent 80% 
AlAs layers do not appear as effective as the adjacent 100% AlAs layers of "A." Again, the 
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Fig. 3.12 Conduction band diagram of a crystal used for lateral oxidation of AlAs layers. 
Thin - 500 A AlAs layers are separated from thicker - 2000 A AlAs by GaAs 
layers between - 100 A to - 2000 A. All AlAs layers are undoped and grown 
with- 12.5 V/m ratio. 
47 
1 f 
<—> - 2000 A 
4 
Crystal Structure for Lateral Oxidation 
of GaAs-Separated AlAs Layers 
500 A AlAs 
0.5 
0 
• } (r-% 
B 
/ \ \ 
_h \T l<—> f-^( 
V 
100 A 
GaAs 
V 
2000 A 
GaAs 
6 4 
200 A 
GaAs 
k-4 
V 
500 A 
GaAs 
4f 
V 
100 A 
GaAs 
4 
500 A 
GaAs 
48 
Table 3.1 Lateral oxidation distances of the six - 500 A AlAs layers for different GaAs separation 
distances after water vapor oxidation at 400 °C for 20 min. Oxidation of layers "A," 
"C," "E," and "D" are much faster than for layers "B" and "F," which are separated by 
- 2000 A GaAs layers from nearby - 2000 A AlAs layers that oxidize laterally 
14-15 jim. 
GaAs Separation 
Distance 
"A" 100 A 
"C" 200 A 
"E" 100 A 
"D" 500 A 
"B" 2000 A 
"F" 2000 A/500 A 
Adjacent 
Layer 
2000 A AlAs 
2000 A AlAs 
2000 A 80% 
2000 A AlAs 
2000 A AlAs 
2000 A AlAs / Air 
Lateral Oxidation 
Distance (u\m) 
12.1 
11.6 
11.3 
10.8 
8.2 
8 
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oxidation rate of the adjacent layers has affected the oxidation of the ~ 500 A AlAs layer. 
Finally, the top layer "F," despite being only - 500 A from the water vapor ambient, 
oxidizes at about the same rate as the internal "B" layer that is separated by 2000 A of 
GaAs. This implies that a mechanism internal to the crystal during water vapor oxidation is 
being utilized to help accelerate layers that are surrounded by other layers being oxidized. 
Another interesting aspect of this experiment is that GaAs layers typically do not oxidize 
significantly for the low temperature (400 °Q and short time (20 min) used here. Yet 
adjacent AlAs layers separated by S 500 A GaAs tend to oxidize faster than isolated AlAs 
layers, regardless of AlAs thickness. In the limit where the GaAs separation layer becomes 
negligible, the two adjacent AlAs layers behave as one thick AlAs layer. 
Thus far, several factors have been shown to affect the selective oxidation of AlAs 
layers including layer thickness, doping, V/m ratio during epitaxial crystal growth, and 
adjacent AlGaAs layers. Although these oxidation properties are interesting materials and 
chemistry problems, processes ultimately must be useful in the formation of practical 
electronic or light-emitting devices. In the sections that follow, several device applications 
are demonstrated. 
3.2 Native-Oxide-Gated GaAs-Based Field-Effect Transistors 
3.2.1 Background 
Compound semiconductor transistors are used commercially in electronic 
applications such as microwave systems. Most GaAs-based field-effect transistors are 
fabricated in the form of metal-semiconductor field-effect transistors (MESFETs), using the 
metal-semiconductor Schottky barrier instead of an oxide to act as the field-effect gate. One 
of the advantages of a MESFET is its simple fabrication, based on an ion-implantation step 
and a material-repairing anneal. However, the metal-semiconductor barrier is "leaky." The 
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Schottky barrier height is small by insulator standards, and a low gate bias voltage must be 
maintained to minimize current flow through the gate. Also, GaAs MESFETs are n-
channel devices. The gate leakage current becomes more significant for p-channel devices. 
This prevents the MESFET technology from supporting a complementary MOSFET 
design. The gate barrier height can be increased (and thus reduce the leakage current) with 
a heterostructure FET (HFET). For example, a higher gap AlGaAs layer may be placed 
between the metal and the GaAs channel to increase the barrier height. In either case, 
however, the gate voltage is limited to the Schottky barrier height, and would still yield a 
leaky complementary MOSFET design. The formation of a native oxide on GaAs has 
been investigated quite extensively,56-57 but neither thermal nor anodic oxidation of GaAs 
yields a high-quality insulator. The resulting oxides are low-resistivity insulators, and are 
not mechanically stable. MOS devices made of these oxides have a high density of 
interface states that cause band bending and Fermi-level pinning. The pinning prevents the 
Fermi level from being swept through the entire band gap, from the valence band to the 
conductance band. This effect is similar to that of surface states that result from exposure 
of bare GaAs surfaces to air (oxygen). Nevertheless, several types of GaAs-based 
MOSFET's have been fabricated using the GaAs native oxide.58'60 
Recently, emphasis has turned to the use of deposited Si02, Si3N4, or A1203 as the 
gate insulator,61-62 although the use of deposited SiO, dates back to 1965 by Becke et al .6I 
Deposition of the gate insulator makes it critical to avoid surface contamination. It is also 
critical to avoid the formation of an intervening native oxide prior to insulator deposition. 
This is difficult for several reasons. First, the deposition reactor must be water- and 
oxygen-free. Second, if the deposition process involves thermal reaction of gases, the 
gases must also be free of water and oxygen. Third, as in the case of SiO: deposition, one 
source gas is oxygen, thus making the formation of a thin native oxide layer inevitable. It 
has been shown that even a thin native oxide layer (which contains both Ga2O3 and As203) 
is capable of pinning the Fermi level.53 Also, if the deposited insulator is used in an 
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annealing process, care must be taken to prevent possible in-diffusion of the deposited 
material into the GaAs or out-diffusion of Ga or As into the deposited insulator. For 
example, it is well-known that at sufficiently high temperatures, Ga will diffuse into Si02 
causing column III vacancies and leaving behind interfacial defects. The most promising 
method to date has been that of using a Si interlayer between the semiconductor (GaAs) and 
the Si-based insulator.62-63 After termination of the GaAs epitaxial crystal growth with a 
few monolayers of Si, Si02 is deposited. This technique has shown evidence of Fermi-
level unpinning and a depletion-mode MOSFET has been demonstrated.62 Another recent 
method has been the use of sulfur passivation of the GaAs surface.64 A practical native 
oxide MOSFET device has yet to be demonstrated on the AlGaAs-GaAs material system. 
The recently discovered Al-based native oxide is a candidate for use in a GaAs field 
effect transistor. An AlGaAs-GaAs metal-oxide-semiconductor field-effect transistor is 
fabricated using lateral oxidation and data are shown demonstrating depletion-mode 
transistor operation. 
3.2.2 Native oxide-gated GaAs-based field-effect transistor operation 
The crystal that is used in this experiment is grown by metalorganic chemical vapor 
deposition (MOCVD) on semi-insulating (100), l°-off towards (110), GaAs substrate. A 
sketch of the conduction-band energy (Ec) diagram for the crystal structure is shown in 
Fig. 3.13. First the 1500 A Si-doped GaAs n-channel ([n] - 3-4 x 1017 cm'3 ) is grown. 
Next ~ 100 A Al0,Ga07As and - 100 A Al06Ga„4As oxidation stop layers are grown. 
Both AlGaAs layers are nominally undoped, although residual background carbon will 
make these thin layers p-type. Then - 500 A of AlAs (the layer for "wet" oxidation) is 
grown, followed by an ~ 750 A GaAs cap. 
The device is fabricated as described in Section 2.4. A three-dimensional sketch of 
the finished device is shown in Fig. 3.14. The source and drain metals contact the partially 
etched GaAs n-channel and are separated by about - 30 Jim. All of the - 500 A AlAs 
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Fig. 3.13 Conduction band energy diagram of the crystal used for the Al-based native 
oxide-gated GaAs depletion-mode MOSFET. 
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Fig. 3.14 Three-dimensional sketch of a native-oxide-based AlGaAs-GaAs MOSFET. 
The AlAs layer is completely converted to a native oxide ("NOx") via lateral 
water vapor oxidation. The Si-doped GaAs n-channel ([n] - 3-4 x lO'7 cm"3) is 
used in the depletion-mode device. The source and drain metals are separated 
by - 30 p:m. 
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layer is converted to native oxide. It is known that anodically and thermally formed GaAs 
oxides are mechanically unstable.56 For this reason we insert the two thin AlGaAs bottom 
layers to act as stop layers preventing oxidation of the GaAs n-channel. The anisotropy of 
the wet oxidation process allows the AlAs layer to oxidize while the oxidation of the 
AlGaAs layers proceeds much more slowly.27 At 400 °C the oxidation of the AlGaAs 
layers is insignificant;27 the GaAs n-channel exposure to oxidation is thus minimized. 
The source ("S") and drain ("D") are alloyed to the GaAs n-channel on the mesa as 
shown in Fig. 3.14. Figure 3.15 shows a micrograph of the a native-oxide-gated FET. 
The contacts extend off the mesa (the smoother portion of the metals in Fig. 3.15) and 
down onto the semi-insulating GaAs substrate (the rougher portion of the metal). The gate 
metal ("G") extends from the native oxide up onto the Si3N4 and down the Si3N4-protected 
mesa edge onto the GaAs substrate (see Fig. 3.15) where it contacts a large-area contact 
pad (not shown). A 10 pirn wide stripe mask is used during formation of the native oxide. 
This accounts for the continuation of the 10 (im stripe beyond the mesa, for example, as 
seen under the "G" gate label in Fig. 3.15. However, no epitaxial structure exists beyond 
the mesa. The non-planar geometry of this gate contact may be a source of leakage current. 
The Si,N4 is present on only a small fraction of the native oxide stripe (at the edges of the 
mesa). As is clear from Fig. 3.14 the device can function only if an electric field penetrates 
the native oxide (i.e., exerts control). 
Figure 3.16 shows the family of curves of a native oxide FET device, which 
functions despite the crude photolithographic techniques and stripes employed here for 
convenience. The device is measured on a curve tracer in the presence of room light. In 
the depletion-mode of operation, the gate bias is changed in -1 V steps. The top sweep of 
Fig. 3.16 represents the zero-bias gate voltage ("0"), with the device running "normally 
on." The drain current is pinched-off at a gate voltage bias of -10 V (bottom sweep, 
"-10 V"). A simple calculation for depletion of the 1500 A channel ([n] - 3 . 5 x 
1017 cm3) requires Vd - -5.4 V. Thus, there is a -4.6 V (= -10 - 5.4) potential drop 
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Fig. 3.15 Photomicrograph of the top of a finished native-oxide-based AlGaAs-GaAs 
MOSFET as sketched in Fig. 3.14. The "S" and "D" labels are centered on the 
source and drain contact regions of the device. The source and drain metals 
extend off the mesa down onto the semi-insulating substrate. The boundary 
between the rougher and smoother parts of the metal delineates the left and right 
mesa edges. A small portion of the Si3N4 stripes overlays the top and bottom 
edges of the mesa. The Si3N4 stripes are present only to enable the gate metal to 
connect to a contact pad (not shown) without shorting to the mesa edge. (After 
Chen et al., Ref. 43) 
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Fig. 3.16 Depletion-mode characteristics of a native oxide-AlGaAs-GaAs MOSFET 
(Figs. 3.14 and 3.15) in room light. (With no room light the I-V characteristic 
displays only a slight increase in the hysteresis loops.) The drain current is 
2 mA/div (vertical); the source to drain voltage is 2 V/div (horizontal); the gate 
bias is -1 V/step. The MOSFET exhibits pinch-off at -10 V gate bias. (After 
Chen et al., Ref. 43) 
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across the native oxide at pinch-off. The channel (source to drain) conductance is 
- 1.9 mS, which is less than the expected -7.4 mS (from GDS - dl^/dV^, - 1/RD - A/pL). 
The lesser conductance may be due in part to the etched (thinned) source and drain contact 
regions. Even though the n-channel directly under the gate is 1500 A, the carriers are 
"bottle-necked" somewhat near the alloyed metal contacts where the remaining n-channel 
may be as thin as - 400 A (cf., Fig. 3.14). The maximum dc transconductance of a native 
oxide MOSFET is found to b e - 1.2 mS. 
Oxide breakdown measurements taken in both positive and negative biases exhibit 
some gate leakage current. At positive gate voltages, the gate current is on the order of 
- 100 p.A and increases significantly (» 1 mA) at voltages above +5 V. At negative gate 
voltage, the leakage current saturates at -1 mA, even at very high voltages. The gate I-V 
characteristic (data not shown) shows a -4 mA current spike at -60 V, but the spike is 
absent in a retrace of the gate I-V. The gate current continues to saturate at -1 mA as the 
oxide is retraced from 0 to -80 V. The MOSFET displays only slight degradation in its 
lo - VDS characteristics after this high voltage measurement. In instances where the 
devices break down, the damage is in the form of an electrical short through the Si3N4-
masked mesa edge. It should be noted that in cases of device breakdown, the native oxide 
generally remains intact. This indicates that the native oxide is capable of withstanding 
fields greater than 107 V/cm. Although the gate I-V characteristic resembles that of a 
Schottky diode, it is very unlikely that the native-oxide device (at - +5 V) supports a field 
due to a metal-semiconductor contact. The positive turn-on voltage for a GaAs Schottky 
diode is typically on the order of 1 V, and for a metal-AlAs diode the maximum turn-on 
voltage would be no more than 2 V (i.e., less than the band gap of AlAs). It is possible 
that the edges in this device geometry are a source of the gate leakage current. Also, the 
formation of the native oxide has not yet been optimized. Part of the leakage current may 
be attributed to incomplete chemical reactions within the oxide. Schemes to anneal the 
native oxide may aid in the optimization process. 
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Some other aspects of this device are as follows. The I-V curve traced is only for 
zero to negative voltage gate biases. A positively biased gate voltage should induce an 
increased channel saturation current; however, this does not occur. Instead, as the positive 
voltage is increased, the channel current begins pinching off in a manner similar to that of 
the negative biasing. This may be due to the existence of negative charges in the oxide or at 
the interface. However, a closer examination of the crystal structure may show an 
additional cause. The 100 A A^Ga^As and Al06Ga<j4As layers are both p-type due to 
unintentional doping by background carbon in the epitaxial growth process. Applying a 
positive gate bias depletes the p-type ([p] - mid 1017 to low lO'8 cm'3) stop layers of their 
positive carriers, leaving behind the negative acceptor ions. As a result, the inverted stop 
layers effectively screen the GaAs channel and can even deplete the channel of its electron 
carriers. 
A crystal with - 50 A Al03Ga„7As (Si-doped, [n] - mid-1017 cm'3), - 50 A 
AI06Gao4As (undoped) layers, and a - 5000 A GaAs channel ([n] - 3 x lO'6 cm"3) is 
fabricated into a similar native-oxide-gated FET device. The FET operates as a depletion-
mode transistor using negative voltage gate steps and has a family of curves similar to that 
shown in Fig. 3.17. However, using positive voltage gate steps, the source-to-drain 
current increases with one gate step before additional positive gate biasing once again 
depletes the channel, resulting in decreased channel current. Although this is promising, it 
is difficult to determine if the increase in current is related to accumulation of electron 
carriers in the GaAs channel or if the increase is due to a hysteresis effect from the curve 
tracing. 
Although the native-oxide-gated GaAs FETs described in this thesis are by no 
means high-performance devices, the data show that an electric field can be effected 
through the oxide, and the underlying channel is sufficiently modulated to form a depletion-
mode transistor. Optimization of the formation of the oxide and better layering and doping 
of the buffer layers and channel will perhaps yield better MOSFETs. 
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3.3 Superlattice Minidisk Lasers 
3.3.1 Background 
The need for smaller lasers increases as integrated optoelectronics becomes more 
sophisticated. For this reason, a cleaveless cavity geometry, low laser threshold, and high 
efficiency are desirable, as well as ease of fabrication and reliability. As a result, microdisk 
lasers in several material systems have recently received increased interest.65"67-44 The 
small disks take advantage of reduced mode density and utilize low-loss "whispering 
gallery" modes around the disk perimeter to achieve efficient low-threshold lasers. Vertical 
cavity surface emitting lasers (VCSELs) also have small mode densities, and achieve high 
efficiencies and low thresholds by taking advantage of thick high-reflectivity distributed 
Bragg reflector (DBR) mirrors and recently oxide-defined apertures. In the case of the 
VCSEL, photons are directed "off-chip," making them unavailable to devices on the same 
crystal. In contrast, microdisk lasers are more amenable to in-plane optoelectronic 
integration and are usually simpler epitaxial structures. Frequently, however, the disks are 
fabricated in fragile form supported by (delicate) semiconductor posts. Such non-planar 
structures lack robustness and a means to remove the heat, making planar minidisks of 
considerable interest. 
Microdisk lasers have been reported utilizing the low-temperature selective "wet" 
oxidation process4 to form an Al-based ffl-V native oxide "platform" beneath a thin 
(-0.15 pirn) microdisk quantum well heterostructure.44 These microdisks are fully 
supported by a thermally conductive native oxide "platform," which acts also as a "mesh" 
that holds many microdisks over a large area. In the present work we employ an AlAs-
GaAs superlattice (SL) as the basic active structure. Because it is thicker (- 1 pm) than the 
microdisk quantum well heterostructure of Ref. 44, it has the advantage that, when 
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removed from the GaAs substrate, it is self-supporting and can be oxidized (selectively) 
from both sides to yield a totally planar structure. With a Si3N4 masking disk pattern, the 
SL can be selectively intermixed via impurity-induced layer disordering (IILD)3-50-51 into a 
high-Al-composition material (random alloy) suitable for wet oxidation. The SL disks 
themselves, as shown previously,4 are resistant to oxidation unless an edge is exposed that 
permits lateral (non-isotropic) oxidation. By selectively disordering and oxidizing the 
material outside the disk pattern, we surround the active superlattice (the disk) with a 
stable, low-index (n - 1.6)768 Al-based HI-V native oxide. The resulting minidisk is 
totally planar and has no exposed disk edges. The SL minidisks of interest here are an 
improvement over the previous native oxide supported microdisks44 that are not embedded 
in native oxide. The Si-IILD + oxidation technique has been used previously to form 
planar "deep oxide" (index-guided) waveguides and lasers.37"39 In the present work we 
employ Zn-ULD since it does not require temperatures (- 600 °Q as high as those used in 
Si-IILD (- 800 °C) and does not lead to layer interdiffusion in masked disk regions. 
Although Zn-ULD alters the effective index of refraction of an as-grown AlAs-
GaAs SL,50-51 the change is relatively small, and SL disks defined by ELD alone lack 
sufficient confinement to lase on disk modes, instead utilizing cleaved crystal facets at 
sufficient photopump intensity.50 In the present work, we use Zn-ULD and wet oxidation 
to define - 37 pm planar SL minidisks with sufficient disk confinement to permit lasing in 
"whispering gallery" modes around the disk perimeter. Data are presented showing 
photopumped (pulsed) room temperature operation of the planar SL minidisk lasers. The 
minidisk laser operation is compared with that.for - 10 pirn wide stripe lasers fabricated 
using the same Zn-ULD + oxidation technique. The comparison stripe lasers provide 
further insight into the oxidation process and the use of oxide mirrors on stripe lasers. 
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3.3.2 Disk and stripe laser operation 
Throughout this work, the crystal used is grown by metalorganic chemical vapor 
deposition on a (100) GaAs substrate.47 The epitaxial crystal consists of a 100-period 
undoped superlattice (SL) with - 70 A AlAs barriers and - 30 A GaAs quantum wells 
(QW), resulting in - I p.m total thickness. The minidisk fabrication process is described 
earlier in Section 2.5. 
Figure 3.17 shows a comparison of (a) a Zn-diffused sample and (b) a Zn-diffused 
and oxidized (400 °C, 15 h) sample as employed in photopumped laser operation. The 
samples are photographed after they are placed on an In-coated Cu heat sink, but before the 
sapphire window "sandwiches" the samples. Although it is not evident in the black and 
white photograph of Fig. 3.17(a), the thin SL disk is red in color owing to the thin GaAs 
QWs of the SL, while the Zn-disordered region outside of the disk is yellow in color owing 
to the higher gap random alloy Al,Ga,.xAs (x - 0.7). The oxidized regions of Fig. 3.17(b) 
are much more transparent, as is apparent from the heat sink (sheared In) seen through the 
oxidized material. The oxidized region still has a pale yellow tint (a completely oxidized 
sample becomes clear, as has been seen in Fig. 3.4), indicating that a small amount of 
semiconductor at the center is not fully converted to oxide. The oxidation proceeds from 
both surfaces of the crystal and converts -4000 A of the intermixed material on each side 
to oxide, leaving -2000 A of disordered material in the center. The non-disordered SL 
also oxidizes, though more slowly (-3000 A of oxide on each side), and the resulting SL 
disk is -4000 A thick. Both samples of Fig. 3.17 are cleaved after the Zn diffusion (but 
prior to oxidation), when the entire sample is still in crystalline form. After water vapor 
oxidation, the oxidized samples [Fig. 3.10(b)] fracture instead of cleave. 
The SL minidisk samples of Fig. 3.17 are photopumped with an Ar+ laser (5145 A) 
at 300 K to study their laser operation. Figure 3.18 shows the laser spectrum of (a) a Zn-
disordered SL minidisk laser and (b) a Zn-disordered and oxidized SL minidisk laser 
(pulsed excitation intensity, - 1.5 x 105 W/cm2). Note that the Zn-disordered sample (a) 
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Fig. 3.17 Photomicrograph comparing (a) Zn-disordered and (b) Zn-disordered and 
oxidized (400 °C, 15 h) disk-patterned AlAs-GaAs SL samples that are 
mounted on In-coated Cu heat sinks. In the disordered region, the non-
oxidized sample (a) is more or less opaque, while the oxidized sample (b) is 
transparent as evidenced by the sheared In visible through the oxidized regions 
outside of the SL disk. Note also the "collar" at the perimeter of the disk 
[arrows in (b)]. (After Chen et al., Ref. 45) 
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Fig. 3.18 Recombination radiation spectra of - 37 pm disk lasers that are (a) disorder 
defined and (b) disorder and oxide defined. The samples are photopumped 
(pulsed, 300 K) at an intensity of - 1.5 x 105 W/cm2. The mode separation 
of the disorder-defined laser (a) corresponds to an edge-to-edge defined cavity 
[cf., Fig. 3.17(a), arrows]. The disorder- and oxide-defined SL minidisk has a 
wider mode separation that corresponds to a disk-perimeter cavity. During laser 
operation, the sample of (a) exhibits bright spots on the facets [cf., 
Fig. 3.17(a), arrows] while the disk in (b) shows light only at the disk 
perimeter. (After Chen et al., Ref. 45) 
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exhibits an obviously closer mode spacing (AX - 10 A). This mode spacing corresponds 
to an edge-to-edge cavity that utilizes the mirror reflection of the sample facets [cf., arrows 
of Fig. 3.17(a)]. For the case of the Zn-disordered + oxidized (400 °C, 15 h) sample, the 
mode separation is wider (AX - 13 A). The wider spaced modes indicate that the AlGaAs 
oxide has created a more compact cavity and edge facets are not required to form a laser 
cavity. Instead, the large index difference between the SL and the AlGaAs oxide provides 
the needed confinement to define a minidisk laser cavity. The mode separation (- 13 A) of 
the oxidized sample [Fig. 3.18(b)] indicates an effective cavity length of - 120 pm, 
corresponding to modes utilizing the disk perimeter (% x 37 |im). Moreover, during the 
photopumping, red dots (light, X - 7500 A) are observed at the sample edge facets aligned 
with the photoexcited disk [cf., the two arrows of Fig. 3.17]. The edge light is not seen at 
the facets of the oxidized minidisk, consistent with laser operation confined to the disk. 
These observations support the mode spacing calculations and demonstrate that the Zn-
DLD + oxidation process is sufficient to define a cavity with SL minidisk modes. 
Figure 3.19 shows the recombination radiation spectra of a photopumped (300 K, 
pulsed) Zn-disordered + oxidized SL disk [cf.. Fig. 3.17(b)] at several pump intensities. 
At (a) ~ 105 W/cm2 pulsed excitation, the SL minidisk has a spontaneous emission peak at 
X - 7400 A. At (b) - 1.2 x 10s W/cm2 the SL minidisk exhibits lasing modes at X - 7500 
A (highest intensity mode at X - 7540 A) with a mode separation of AX - 13 A, which 
corresponds to laser modes around the periphery of the Zn-IILD + oxide-defined disk. The 
same modes are still apparent at (c) - 1.5 x 105 W/cm2, but with reduced spontaneous 
background. Despite the fact that the Zn-disordered region is not completely oxidized, 
these spectra show that there is enough optical confinement provided by the Zn-ULD + 
oxidation to form minidisk lasers. 
The fabrication of planar disk lasers is simpler and easier to reproduce on a large 
scale in comparison to cleaved geometry lasers. However, for purposes of characterizing 
the oxidation of the superlattice material used in the present work, cleaved-facet stripe-
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Fig. 3.19 Recombination radiation spectra of a photopumped (pulsed, 300 K) - 37 pm 
SL minidisk laser for increasing pump intensities of (a) - 105 W/cm2, (b) - 1.2 
x 105 W/cm2, and (c) - 1.5 x 105 W/cm2. Easing modes appear at X - 7500 A 
with a mode separation of AX - 13 pm corresponding to "whispering gallery" 
disk modes. (After Chen et al., Ref. 45) 
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geometry lasers are also considered. The Al-based native oxide is amorphous and does not 
form orthogonal cleaves after oxide conversion is complete. Instead, facets can be formed 
by cleaving the disorder-defined stripe samples prior to oxidation. Figure 3.20 shows a 
micrograph of two stripe geometry lasers after Zn-disordering + oxidation. The disordered 
regions are oxidized and are nearly transparent, as demonstrated by the In shear marks that 
are visible through these regions. The SL stripe is intact and remains basically opaque. At 
the facets, the exposed - 70 A AlAs layers of the as-grown superlattice oxidize 
longitudinally, resulting in - 14 pm oxide "windows" at both ends of the - 10 pm wide 
stripe laser. These "windows" are readily apparent as the transparent, rectangular regions 
in Fig. 3.20. The two lasers are from the same sample, except that a cleave has physically 
separated the two pieces prior to oxidation (the two pieces remain attached beyond the 
image shown in the figure). In Fig. 3.20(a) the facet-to-facet length is - 60 pm. 
However, owing to the oxide "window" at each end, the SL region is reduced in length to 
- 32 pm. In Fig. 3.20(b) the facet-to-facet length is - 104 pm, and the SL region is 
~ 76 pm in length after oxidation. 
Figure 3.21 shows the recombination radiation spectra of the two stripe lasers of 
Fig. 3.20 under pulsed photopumped excitation (- 1.5 x 105 W/cm2) at room temperature. 
As seen in Fig. 3.21(a), the shorter laser [Fig. 3.20(a)] exhibits a peak lasing mode of 
X - 7450 A, while in Fig. 3.21(b) the longer laser [Fig. 3.20(b)] exhibits a peak lasing 
mode of X - 7500 A. It is interesting to note that the longer laser (b) operates at a lower 
energy (longer wavelength) than the shorter laser (a). During photopumping, the excitation 
beam pumps most of the - 32 pm SL active region of the short laser (a). For the longer 
laser (b), only the center portion of the SL active region is pumped, leaving portions of the 
- 76 pm long SL region absorbing. As a result, the longer laser (b) "shifts" laser 
operation to a lower energy (longer wavelength) relative to the shorter laser (a) owing to 
reduced absorption loss at lower energy. Note also that the mode spacing for the shorter 
laser [(a) AX - 15 A] is larger than that of the longer laser [(b) AX - 7 A]. The mode 
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Fig. 3.20 Microscope image of stripe geometry AlAs-GaAs SL samples after Zn-
disordering (600 °C, 1 h) and oxidation (400 °C, 15 h). Scratches in the In 
beneath the sample are visible through the intermixed portions, indicating that 
these regions ("Ox") are mostly converted to oxide. At the cleaved facets, 
lateral oxidation proceeds along the - 70 A AlAs layers of the superlattice 
("SL"), forming the clear rectangular regions at the ends of each stripe. These 
oxide "windows" reduce the length of the SL from - 60 pm to - 32 pm in (a), 
and from - 104 pm to - 76 pm in (b). The oxidation fronts (at the ends of 
the SL stripe) are tapered, similar to the exposed SL disks of Fig. 1 (b). (After 
Chen et al., Ref. 45) 
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Fig. 3.21 Recombination radiation spectra of disorder + oxide defined - 10 pm wide 
stripe geometry AlAs-GaAs SL lasers that are photopumped (pulsed, 
- 1.5 x 105 W/cm2) at room temperature. The shorter laser (a) operates with 
a peak mode at X - 7450 A, while the longer laser (b) shifts to longer 
wavelength (X - 7500 A) to minimize absorption in the unpumped regions. 
The mode spacings of the lasers indicate that the cavities utilize reflections from 
the SL-oxide and oxide-air interfaces. Owing to the larger index step, scattered 
light is observed ("hco") at the SL-oxide interfaces, but not at the oxide-air 
boundaries. (After Chen et al., Ref. 45) 
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spacings do not correspond to the facet-to-facet lengths of - 60 pm and - 104 pm or to the 
SL lengths of - 32 pm and - 76 pm. A closer examination of the samples with oxide 
mirror facets (Fig. 3.20) reveals that there is a tapered oxidation region near the SL-to-
oxide interface, which is seen as a horizontal V-shape on both ends of the SL stripe. The 
V-shaped oxidation front is similar to the bowing observed in Fig. 3.4(b). Calculations 
that include the optical lengths of the SL (n - 3.6), the additional - 2 pm at each end of the 
SL (n - 3.6), and the oxidized facets (n - 1.6) yield mode spacings of - 16 A and - 8 A 
for (a) the shorter and (b) the longer lasers, respectively, which is reasonably close to the 
experimental observations. The SL-oxide boundary has a reflectivity of - 14%, while the 
oxide-air boundary has a reflectivity of - 5%, making it unlikely that the cavity is defined 
by merely the oxide-air (facet) mirror reflections. Thus, it appears that the stripe geometry 
lasers utilize both index steps (3.6 to 1.6 and 1.6 to 1) to provide enough mirror reflectivity 
to define the laser cavity. However, direct observation of the photopumped samples 
indicates a large number of scattered photons at the SL-oxide interface ["hco", 
Fig. 3.20(b)], while no scattering is seen at the oxide-air interface (the facet). This may be 
due to the smaller index difference (An - 0.6) than at the SL-oxide boundary (An - 2). 
Concluding this discussion, we have fabricated planar minidisk lasers utilizing a 
superlattice active region. Impurity-induced layer disordering followed by water vapor 
oxidation is used to define an ~ 37 pm SL minidisk surrounded by AlGaAs oxide. The 
large index difference between the oxide and semiconductor material creates a cavity that 
supports minidisk laser modes (X - 7540 A) at room temperature under pulsed 
photopumped excitation. The mode spacing of AX - 13 A .corresponds to whispering 
gallery modes that "skim" the perimeter of the - 37 pm disks. Note that the - 37 pm SL 
minidisk lasers described here are not as small in diameter (< 10 pm) nor as thin (< 0.3 
pm) as previously reported microdisk lasers,65'6744 indicating that disk lasers can vary over 
a large range in size. Further work and optimization should produce more sophisticated 
oxide-defined SL disk devices, including current-driven micro- and minidisk lasers. 
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3.4 Superlattice Photonic Lattice Lasers 
3.4.1 Background 
The single disk laser in the previous section is - 37 pm in diameter; however, 
fabrication of smaller size disks should be possible, as should be an array of coupled disks. 
Although coupled stripe lasers are frequently used to form high output power laser devices, 
coupled disk lasers in a two-dimensional "lattice" have useful characteristics beyond the 
additional power output. Separately, each disk resonator contributes a degenerate mode. 
Strong coupling of the "lattice" of identical resonators splits the degenerate modes and 
forms a "band" of modes. This mechanism of photonic "band" structure formation is 
found in various systems such as in solids, quantum-well superlattices, and microwave 
filter applications. Instead of acting as individual units, the disk elements collectively form 
propagation and "stop" bands in various "crystal" directions. Just as electrons and holes 
are restricted by certain energy bands in solid-state crystals resulting in materials ranging 
from insulators to metals, photons can be restricted to energy levels in a photonic "lattice." 
Creation of artificial photonic "crystals" is recently receiving increased interest to control 
light rather than carriers.69'71 Application of propagation and "stop" bands is already 
employed in the one-dimensional case, where distributed Bragg reflecting (DBR) mirrors 
are used in vertical cavity surface emitting lasers. The DBR mirrors provide "stop" bands 
for a range of photon energies. Since photons within the energy "gap" cannot propagate, 
they are reflected, resulting in DBR mirrors with greater than 99.9% reflectance. In this 
work, an AlAs-GaAs superlattice (SL) is patterned into an array of 9-pm microdisks to 
form a two-dimensional hexagonal close-packed (HCP) photonic lattice. 
3.4.2 Photonic lattice laser operation 
As described above, the crystal used in this work is grown by metalorganic 
chemical vapor deposition47 on a (100) GaAs substrate. The epitaxial crystal consists of a 
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100-period undoped SL with - 70 A AlAs barriers and - 30 A GaAs quantum wells 
(QW), resulting in -1 pm total thickness. 
Figure 3.22 shows micrographs of the extended photonic lattice obtained by means 
of (a) an optical microscope or (b) a scanning electron microscope (SEM) after HF etching 
of a sample. Panel (a) is a lower magnification image clearly showing the individual disks 
and the HCP lattice structure. Because of slight undercutting of the Si3N4 mask during 
various processing steps, the resulting disks are - 9 pm in diameter. The disks are fairly 
uniform over the entire image; however, a "crystal defect" (an oxidized disk) is visible at 
the right edge of the photograph and is indicated by the arrow. Panel (b) shows an SEM 
micrograph of the surface of a sample at higher magnification. The sample of (b) has been 
etched in HF to delineate the disk edges of the otherwise totally planar structure. The 
center-to-center spacing of the disks is 11 pm, while the disk diameters are -9 pm, 
leaving -2 pm between the edges of adjacent disks. 
Figure 3.23 shows the recombination radiation spectra of a photopumped sample 
for (pulsed) pump intensities of (a) 4 x 104, (b) 6 x 104, and (c) 8 x 104 W/cm2. The 
spectra exhibit two lasing "bands" that are spaced AX - 48 A apart, which corresponds to 
laser operation of a disk of 10 pm diameter. This spacing is expected for 9-pm disks 
whose fields "fringe" significantly outside the disk, resulting in an effective disk diameter 
slightly larger than that defined by the physical dimensions. Of particular interest is the 
spectral width of the "bands." As the pump intensity increases, the "band" width 
increases, especially for the lower-energy band, which reaches a final width of 17 A as 
shown in (c) on an expanded scale. This width far exceeds those reported for single 
microdisk lasers and is a result of the coupling of several microdisk modes into a "band." 
An additional result of the coupling is anisotropic propagation of light in the lattice. With 
photopumping the sample emits a "snowflake" pattern that can be seen (via a microscope 
and red filter) by the eye (data not shown). This "snowflake" is oriented such that light 
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Fig. 3.22 Images of a disorder- and native-oxide-defined AlAs-GaAs SL photonic lattice 
obtained by (a) an optical microscope and (b) a scanning electron microscope. 
At the lower magnification of (a) the overall HCP lattice structure is apparent. 
A "crystal defect" (oxidized disk) is indicated with an arrow at the right edge of 
the panel. The sample of (b) is etched in HF to delineate the otherwise planar 
disks. The disks are -9 pm in diameter, with a nearest-neighbor center-to-
center spacing of 11 pm. (After Ries et al., Ref. 46) 
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Fig. 3.23 Recombination-radiation spectra for a (pulsed) photopumped SL photonic lattice 
at 300 K for pump intensities of (a) 4 x 104, (b) 6 x 104, and 
(c) 8 x 104 W/cm2. The spectra exhibit two lasing "bands" that are spaced 
AX - 48 A apart, which corresponds to laser operation of a disk of 10 pm 
diameter. This spacing is expected for 9-pm disks whose fields "fringe" 
significantly outside the disk, resulting in an effective disk diameter slightly 
larger than that defined by the physical dimensions. The band "fills" with pump 
intensity and broadens spectrally to a final width of- 17 A. (After Ries et al., 
Ref. 46) 
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travels along the six identical "crystal axes" of the sample, which is further evidence of 
"propagation" bands in the photonic lattice. 
The data above show that laser operation can be realized in a photonic lattice 
fabricated by ELD and wet oxidation of an AlAs-GaAs SL. The selective intermixing and 
oxidation defines disks with enough confinement to exhibit "whispering gallery" modes, 
permitting, nevertheless, sufficient coupling between disks to create a spectral "band." As 
a result, the photonic lattice operates in bands of energies located around the disk cavity 
resonances and displays anisotropic propagation of photons within the bands. The 
capability to design artificial photonic "crystals" that influence the propagation of light is 
potentially a very powerful tool that may play a key role in the future of integrated 
optoelectronic devices. 
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4. SUMMARY AND CONCLUSIONS 
The selective oxidation of AlGaAs and other Al-bearing compound semiconductors 
takes advantage of Al-Ga substitution in heterostructure crystals. AlGaAs material with 
greater Ga content requires higher temperatures and longer times to oxidize than AlAs. 
Lateral oxidation makes it possible to form embedded oxide, post-growth, in between 
semiconductor material without the difficult task of growing epitaxial layers on mismatched 
material. In this thesis, many properties unique to the selective oxidation process are 
demonstrated. The lateral oxidation rate of AlAs is determined by layer thickness, V/ffl 
ratio during epitaxial growth, and oxidation in adjacent layers at smaller dimensions. All of 
these different characteristics provide clues to the complex mechanisms that drive the water 
vapor oxidation process. 
During oxidation, thin annular "collars" (1-2 pm) form around - 37 pm HLD-
defined SL minidisks. Diffusion of Zn impurities into the SL crystal results in an 
intermixed random alloy with heavy p-type doping. A series of etch studies show that the 
"collar" is a result of the energy gap and doping changes at the disk edge. The p-type 
doping forms an effective p-n junction between the SL and the disordered crystal. Simple 
HF (or NaOH) etch experiments verify that the p-n junction acts as a small photocell that 
helps drive chemical reactions at the boundary, resulting in similar "collars" during 
chemical etching or water vapor oxidation. 
Although the native oxide-semiconductor interface has not been optimized, a GaAs-
based depletion-mode metal-oxide semiconductor field-effect transistor is demonstrated. 
The oxide gate is formed using lateral oxidation and an electric field is modulated through 
the - 500 A thick native oxide to provide source-to-drain pinch-off at - -10 V. 
Data are also shown for laser operation of - 37 pm diameter superlattice minidisks. 
The disorder- and oxidation-defined lasers demonstrate that disk-mode operation is 
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possible for geometries larger than for typical microdisk lasers. The high index difference 
between the SL active region and the Zn-disordered + oxidized regions is sufficient to 
define cavities that support disk modes. The planar minidisks are completely surrounded 
by oxide and semiconductor material that provide heat sinking and structural robustness. 
The planar IILD + oxidation technique is further used to form a "lattice" of smaller 
disks in a hexagonal close-packed arrangement. Superlattice crystals with -9 pm diameter 
disks and - 11 pm center-to-center separation are photopumped, and the resulting spectra 
indicate that the microdisks operate in disk modes as well. In addition, recombination 
radiation spectra show that wide "bands" form owing to the coupling between each of the 
resonators, which demonstrates that a two-dimensional photonic "crystal" with active 
elements is possible. 
Although the "wet" oxidation process has been known only for - 5 years, its 
importance as a new technological process is becoming increasingly clear. Already, 
various laser devices have been demonstrated using several key properties of the native 
oxide: low refractive index, electrical insulation, and passivation. As optoelectronics 
continues to grow in use and complexity, the use of water vapor oxidation (and ELD) are 
key to planar, large-area wafer fabrication. In this thesis, the native oxide has been shown 
to be effective in rendering a depletion-mode native oxide-based FET in the GaAs material 
system. Individual and dense arrays forming a photonic "crystal" of disk lasers have also 
been demonstrated using a combination of Zn-ULD and oxidation. Disk lasers will likely 
become more critical as active light-emitting elements with small geometry are required for 
both in-plane, and perhaps "off-chip" optoelectronics. Much work, understanding, and 
refinement of the Al-based native oxide will continue to improve this technology. The 
water vapor oxidation of Al-bearing material is a technology that will play an increasingly 
critical role in the emerging integrated optoelectronics industry. 
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